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Abstract
Lower jaw deformity (LJD) is a skeletal anomaly affecting farmed triploid Atlantic salmon
(Salmo salar L.) which leads to considerable economic losses for industry and has animal
welfare implications. The present study employed transcriptome analysis in parallel with
real-time qPCR techniques to characterise for the first time the LJD condition in triploid
Atlantic salmon juveniles using two independent sample sets: experimentally-sourced
salmon (60 g) and commercially produced salmon (100 g). A total of eleven genes, some
detected/identified through the transcriptome analysis (fbn2, gal and gphb5) and others pre-
viously determined to be related to skeletal physiology (alp, bmp4, col1a1, col2a1, fgf23,
igf1, mmp13, ocn), were tested in the two independent sample sets. Gphb5, a recently dis-
covered hormone, was significantly (P < 0.05) down-regulated in LJD affected fish in both
sample sets, suggesting a possible hormonal involvement. In-situ hybridization detected
gphb5 expression in oral epithelium, teeth and skin of the lower jaw. Col2a1 showed the
same consistent significant (P < 0.05) down-regulation in LJD suggesting a possible carti-
laginous impairment as a distinctive feature of the condition. Significant (P < 0.05) differen-
tial expression of other genes found in either one or the other sample set highlighted the
possible effect of stage of development or condition progression on transcription and
showed that anomalous bone development, likely driven by cartilage impairment, is more
evident at larger fish sizes. The present study improved our understanding of LJD suggest-
ing that a cartilage impairment likely underlies the condition and col2a1 may be a marker. In
addition, the involvement of gphb5 urges further investigation of a hormonal role in LJD and
skeletal physiology in general.
Introduction
Lower jaw deformity (LJD) is a skeletal anomaly affecting the lower jaw of farmed Atlantic
salmon (Salmo salar L.). Specifically, LJD is a downward curvature of the lower jaw involving
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dentary and glossohyal bones [1, 2]. LJD has been frequently observed and identified in both
freshwater and seawater phases of production in all countries producing Atlantic salmon at/
with different prevalence between years and populations [3–9]. Although LJD can occur in
diploid populations at very low prevalence, LJD was linked to triploid Atlantic salmon in all
recent studies cited above. In Tasmania (Australia) LJD prevalence of up to 30% has been
reported in farmed triploid populations [7, 10]. Triploids are a valuable part of the annual har-
vest cycle as they do not undergo sexual maturation therefore can be harvested during the
reproductive seasons providing fresh product all year round [7]. As a consequence, LJD
affected triploid fish represent a considerable loss of production because they have lower
growth rates and cannot be sold whole due to their visual unattractiveness [5, 7, 11]. Further-
more, fish affected by skeletal anomalies usually require hand-grading which is an expensive
process and adds further cost [12, 13].
Although LJD is a frequently occurring skeletal anomaly in triploid Atlantic salmon its
causes have not yet been investigated in depth. Only recently, development of LJD has been
linked to dietary phosphorus (P) deficiency and a higher P requirement of triploid Atlantic
salmon [8]. Nevertheless, the mechanisms underlying the onset of LJD are not known and
could be multifactorial via a combination of genetic (triploidy and genetic background), nutri-
tional (mineral or vitamin deficiency) and environmental (accelerated growth, low dissolved
oxygen, elevated temperature and husbandry practices) factors [6–8, 14]. Although it seems to
occur mostly during the freshwater phase, onset of LJD can occur at any time in development
and prevalence and severity (i.e. worsening of the downward curvature) can increase over time
[3, 4, 7–9, 11, 14, 15].
The lower jaw in Atlantic salmon is a heterogeneous organ constituted of different tissues.
The bone of the lower jaw (i.e. dentary) is composed of compact bone directly ossifying around
the Meckel’s cartilage [1, 16–18]. An assessment screening the differential gene expression
between LJD and normal individuals, mostly focusing on cartilage and bone physiology, repre-
sents a basic approach to shed more light on the mechanisms underlying the condition.
Obtaining a significant number of individuals affected by LJD, both in controlled experimental
conditions and at commercial farm sites is difficult and labour-intensive. In this research, the
opportunity was presented to analyse a sufficient number of fish affected by LJD from inde-
pendent sample sets and at different developmental stages.
The aims of this study were to delineate for the first time through molecular techniques,
transcriptome analysis and real-time qPCR, differential gene expression in the jaw of fish
affected by LJD (compared to normal fish) in independent sample sets at different develop-
mental stages and to detect genes which correlate with, and may characterise LJD, allowing the
description of possible mechanisms underlying the condition. Furthermore, the specific gene
expression pattern observed was used to propose the tissue responsible for the development of
the condition. To support the analytical process, our findings are compared at a molecular
level with anomalous skeletal processes described in other vertebrates.
Results
Transcriptome analysis of the experimental sample set
De novo assembly of the transcriptome data gave a total of 62,373 contigs (including scaffolded
regions) with a minimum length of 500, a maximum of 14,769 and an average of 1,482 bases.
A total of 515 transcripts had at least 2 fold change between the LJD and Normal samples
(unadjusted P< 0.05). When restricting RPKM 1 in at least one sample and defining the
minimum as RPKM = 0.05, a total of 6,207 transcripts had at least 2 fold change between the
LJD and Normal samples (unadjusted P< 0.05), indicating that most of the DGE can be
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attributed to transcripts which do not express in one group while they do in the other. Since in
most cases these transcripts had very small RPKM values, we decided to focus on the 515
transcripts.
Out of the 515 transcripts, 452 were down-regulated and 63 were up-regulated in LJD. The
hierarchical clustering of differential gene expression showed that samples clustered tightly
together based on jaw trait (LJD/Normal; Fig 1B left), strengthening the validity of the differ-
ential gene expression analysis.
Fig 1. a) Atlantic salmon individuals displaying a normal jaw (Normal) on the left and a lower jaw deformity (LJD) on the right (scale bar = 1 cm). Dashed lines
highlight normal and anomalous profiles. b) Hierarchical clustering showing differentially expressed transcripts between Normal vs. LJD grouped samples
retrieved after a pairwise comparison. Each row corresponds to one sample tested and each column corresponds to a single differentially expressed
transcript. On the hierarchical tree at the left side of the map, the upper half (orange) indicates the Normal samples and the lower half (green) indicates the
LJD samples. Relative gene expression is indicated by colour: red is higher-level expression relative to the sample mean, blue is relatively lower-level
expression, grey is no-change. The 452 genes on the left were up-regulated in LJD samples relative to the Normal samples. The 63 genes on the right were
down-regulated in LJD samples relative to the Normal samples.
doi:10.1371/journal.pone.0168454.g001
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Following BLASTP selection according to E-value (for matches and hits) and RPKM-based
filter (as described in the materials and methods section), two tables were produced: one con-
sisting of 6 transcripts down-regulated in LJD samples (Table 1) and another consisting of 27
transcripts up-regulated in LJD samples (Table 2) ordered by E-value of the best hit (lowest to
highest) (tables are shown in the following paragraphs).
Down-regulated transcripts
Among the 63 transcripts of this subset, 18 could be reliably annotated via NCBI database with
E-value 1.00E-40. Of the 18 transcripts, six had a Sum of RPKM 5 across all four pooled
samples (Table 1). Transcript 59181, which corresponded to glycoprotein hormone beta 5
(gphb5) had a much higher fold change (-4.3) between the groups compared to other tran-
scripts. For five out of the above six transcripts, the best hit resulted in an unannotated product
described for Oncorhynchus mykiss (rainbow trout), a closely-related Salmonid species. The
actual hit for these transcripts resulted in products described in other Teleost species (Table 1).
Transcript 30200, which corresponded to aggrecan isoform 1 (acan1) and that was annotated
as aggrecan, had a best hit with a named product in the Salmonid Oncorhynchus keta (chum
salmon) (Table 1).
Up-regulated transcripts
Among the 452 transcripts of this subset, 176 could be reliably annotated via NCBI database
with E-value 1.00E-40. Of the 176 transcripts, 27 had a Sum of RPKM 5 (Table 2). Tran-
script 40854 was annotated as Four and a half LIM domains protein 2, transcript 2193 corre-
sponded to galactose-specific lectin (gal) and transcript 45908 was annotated as major
histocompatibility complex (MHC) class I antigen. These transcripts had a much higher fold
change (3.2, 3.5 and 4.6, respectively) between the groups, as compared with other transcripts.
For 15 out of the 27 transcripts, the best hit resulted in an unannotated product described for
the species O. mykiss. The actual hit for these transcripts resulted in products described in
other Teleost species (Table 2). Seven of the remaining 12 transcripts had best hits with named
products described for S. salar, and the last five with other Teleost species.
Real-time qPCR validation
The differential expression observed after the transcriptome analysis was confirmed for three
out of five transcripts. In particular, fibrillin 2 (fbn2) and gal were significantly (P< 0.05)
up-regulated in LJD affected fish while gphb5 was significantly (P< 0.05) down-regulated
in LJD affected fish (Fig 2). The differential expression of both acan1 and acan2, that were
Table 1. The six transcripts found down-regulated in LJD selected according to Sum of RPKM 5 across all 4 pooled samples ordered by E-value







Predicted product [species] E-value Actual
Hit
30200 BAJ61837 0.00 BAJ61837 aggrecan [Oncorhynchus keta] 0.00
8151 CDQ60370 0.00 BAJ61837 aggrecan [Oncorhynchus keta] 0.00
15298 CDQ84852 1.61E-137 XP_005945737 cytosolic phospholipase A2 gamma-like isoform X2
[Haplochromis burtoni]
1.24E-89
59181 CDQ81732 7.53E-96 XP_005455982 glycoprotein hormone beta-5-like [Oreochromis niloticus] 2.20E-72
662 CDQ80483 5.85E-86 XP_007243147 protein FAM111A-like [Astyanax mexicanus] 6.29E-75
26682 CDQ61726 5.09E-82 XP_007242859 mannose-specific lectin-like [Astyanax mexicanus] 1.23E-62
doi:10.1371/journal.pone.0168454.t001
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significantly down-regulated in LJD affected fish according to the transcriptome analysis, was
not confirmed by real-time qPCR assays (Fig 2).
Real-time qPCR of different developmental stages
Testing all the eleven transcripts available after initial selection and following transcriptome
analysis in both the experimental and the industrial sample set, only col2a1 and gphb5 showed
the same regulation pattern in both independent sample sets (Fig 3). In particular, col2a1 and
gphb5 were significantly (P< 0.05) down-regulated in fish with LJD compared to Normal fish
in the two independent sample sets (Fig 3). Other transcripts were found to be differentially
expressed between traits in one sample set only. In particular, fbn2 and gal were significantly
(P< 0.05) up-regulated in LJD in the experimental sample set only while alp, bmp4, col1a1,
igf1 and mmp13 were significantly (P< 0.05) down-regulated in LJD in the industrial sample
Table 2. The 27 transcripts found up-regulated in LJD selected according to Sum of RPKM 5 across all 4 pooled samples ordered by E-value of







Predicted product [species] E-value Actual
Hit
3859 CDQ85625 0.00 XP_006641632 IgGFc-binding protein-like [Lepisosteus oculatus] 5.60E-152
718 CDQ93202 0.00 XP_006641633 IgGFc-binding protein-like [Lepisosteus oculatus] 0.00
407 CDQ85625 0.00 XP_006641632 IgGFc-binding protein-like [Lepisosteus oculatus] 1.21E-151
5789 XP_005450984 0.00 XP_005450984 filamin-C-like isoform X3 [Oreochromis niloticus] 0.00
1330 CDQ86144 0.00 XP_008284200 xin actin-binding repeat-containing protein 1-like [Stegastes
partitus]
0.00
10204 XP_007252649 0.00 XP_007252649 collagen alpha-2(VI) chain-like [Astyanax mexicanus] 0.00
894 XP_006808726 0.00 XP_006808726 von Willebrand factor A domain-containing protein 7-like
[Neolamprologus brichardi]
0.00
40854 ACI68280 0.00 ACI68280 Four and a half LIM domains protein 2 [Salmo salar] 0.00
26217 ADD59862 0.00 ADD59862 immunoglobulin delta heavy chain constant region [Salmo salar] 0.00
31731 CDQ69338 0.00 XP_005163674 amylo-1, 6-glucosidase, 4-alpha-glucanotransferase isoform X1
[Danio rerio]
2.68E-128
7575 CDQ73728 4.69E-171 XP_008279287 pecanex-like protein 3 [Stegastes partitus] 5.79E-171
22520 CDQ71312 7.88E-158 XP_008293195 eukaryotic translation initiation factor 2-alpha kinase 4
[Stegastes partitus]
6.99E-120
12561 CDQ83306 3.64E-156 XP_006641633 IgGFc-binding protein-like [Lepisosteus oculatus] 1.42E-113
41692 CDQ61095 7.87E-156 XP_003966210 serum amyloid P-component-like [Takifugu rubripes] 2.85E-81
5264 ACI68585 2.30E-154 ACI68585 Heat shock protein 30 [Salmo salar] 2.30E-154
15329 NP_001118064 2.22E-135 NP_001118064 heat shock protein, alpha-crystallin-related, 1 [Oncorhynchus
mykiss]
2.22E-135
44416 CDQ81901 3.22E-125 XP_007243338 protein NLRC3-like [Astyanax mexicanus] 1.85E-70
15155 CDQ66610 7.50E-124 XP_008292526 protein NLRC3-like [Stegastes partitus] 9.50E-121
27480 CDQ68760 3.73E-113 XP_008278793 sortilin-related receptor [Stegastes partitus] 1.33E-84
2193 CDQ61022 2.60E-108 ACO13356 Galactose-specific lectin [Esox lucius] 5.21E-09
35957 XP_007258003 3.18E-100 XP_007258003 ryanodine receptor 3-like [Astyanax mexicanus] 3.18E-100
6273 CDQ74429 1.20E-84 XP_008303180 fibrillin-2-like, partial [Stegastes partitus] 1.35E-82
1876 NP_001117045 2.06E-83 NP_001117045 cathelicidin antimicrobial peptide precursor [Salmo salar] 2.06E-83
10290 NP_001134766 3.32E-61 NP_001134766 Heat shock protein beta-7 [Salmo salar] 3.32E-61
25466 NP_001134309 3.03E-59 NP_001134309 Natterin-like protein [Salmo salar] 3.03E-59
34091 CDQ58999 2.04E-56 XP_003968600 serine/threonine-protein kinase Nek8-like [Takifugu rubripes] 3.05E-47
45908 ACY30362 6.08E-48 ACY30362 MHC class I antigen [Salmo salar] 6.08E-48
doi:10.1371/journal.pone.0168454.t002
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set only (Fig 3). Fgf23and ocn, showed no differential expression between traits in both sample
sets.
Real-time qPCR for fish reared at different temperatures (14 vs 18˚C)
Among the transcripts tested for the effect of rearing temperature only col2a1 showed to be dif-
ferentially expressed. In particular, col2a1 was significantly (P< 0.05) down-regulated in LJD
within both temperature treatments and significantly (P< 0.05) up-regulated in both traits in
the elevated treatment (18˚C) compared to the standard treatment (14˚C) (Fig 4).
GPHB5 In-Situ Hybridization
In-situ hybridization analysis showed the expression of gphb5 in both traits (Normal and LJD)
to be mostly in the skin and more evident in the oral epithelium and at the tip of the lower jaw
(Fig 5). Furthermore, gphb5 was also expressed around the teeth, in particular in the outer den-
tal epithelium and around the dental papilla (Fig 5). Given the general low expression of the
gene a quantitative differential expression between Normal and LJD was not observed.
Fig 2. Relative expression (2-ΔΔCT, mean ± SEM) of selected transcripts (abbreviations described in the
text) found to be differentially expressed in two different categories (Normal and affected by lower jaw
deformity, LJD) after transcriptome analysis of triploid Atlantic salmon Salmo salar pre-smolts from the
experimental sample set (n = 6 per jaw trait). For each transcript, expression level means were compared
between different categories. Within each transcript, means significantly different from one another are indicated by
different letters (P < 0.05).
doi:10.1371/journal.pone.0168454.g002
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Discussion
In the present study, among the eleven genes tested in individuals displaying a normal lower
jaw or a LJD, only col2a1 and gphb5 showed the same consistent pattern of differential expres-
sion, being down-regulated in LJD affected fish in both independent sample sets. This result
implies that, in contrast to other genes found differentially expressed between traits either in
one sample set or in another, col2a1 and gphb5 are reliable indicators of the mechanisms
underlying LJD.
Col2a1 is an exclusive marker of cartilage and is responsible for the expression of type II
collagen, a basic protein for skeletogenesis in vertebrates [19–22]. In the present study, down-
regulation of col2a1 in LJD affected fish may thus indicate a compromised development of the
Meckel’s cartilage through loss of structural integrity and incorrect growth trajectory (pointing
downward) of the deriving or integrally-linked bone structure, the dentary bone (main lower
Fig 3. a) Relative expression (2-ΔΔCT, log-transformed mean + SEM) of the eleven transcripts tested in triploid Atlantic salmon Salmo salar individuals
belonging to two independent sample sets, ‘experimental’ (exp. 60 g) on the left and ‘industrial’ (ind. 100 g) on the right, and displaying a normal lower jaw
(Normal) or a lower jaw deformity (LJD) (n = 6 per jaw trait). Significantly different (P < 0.05) relative expression between traits is indicated by an asterisk. b) A
graphic summary of the previous graphs to show significantly different regulation (UP—red, DOWN—blue, NO—grey) and corresponding approximate fold
change (significant in bold) in LJD individuals only relative to Normal from the two independent sample sets. Columns of col2a1 and gphb5 have thicker
borders to highlight consistent differential expression between independent sample sets.
doi:10.1371/journal.pone.0168454.g003
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jaw bone). Type II collagen is produced by chondrocytes and represents the most abundant
protein in the cartilage extracellular matrix and is crucial for cartilage conformation and resis-
tance [19, 22–24]. In Atlantic salmon, Meckel’s cartilage does not ossify and plays a crucial
role in physically supporting the dentary, extending internally almost for its entire length [16–
18]. Considering the consistency of down-regulation of col2a1 in LJD-affected fish between
independent sample sets from different developmental stages (60 vs 100 g), this finding sug-
gests a cartilaginous impairment as a possible distinctive feature of the trait.
Defects in type II collagen have frequently been associated with the occurrence of impair-
ments in cartilage and as a consequence bone development in humans and mice [25–36]. In
support of our results, disruption of cartilage growth and development in LJD has been
reported by previous studies. X-ray analysis showed a diminution of the Meckel’s cartilage in
LJD-affected fish [2] and histological examination of LJD-affected Meckel’s cartilage showed
different left to right thickness, implying an impaired development [1]. Likewise, the lower jaw
of LJD-affected fish presented an incorrect assemblage and a smaller number of collagen fibres,
adding to the evidence that the anomaly may be due to an impairment in the jaw cartilage
Fig 4. Relative expression (2-ΔΔCT, mean ± SEM) of col2a1 in Normal and lower jaw deformity (LJD) affected
triploid Atlantic salmon Salmo salar (n = 6 per jaw trait) from the experimental sample set at standard (14˚C)
and elevated (18˚C) temperature. Means significantly different from one another are indicated by different letters
(P < 0.05).
doi:10.1371/journal.pone.0168454.g004
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development [37]. The studies mentioned above, analysed later stages of fish development
compared to the current study, supporting our theory that cartilaginous impairment is a dis-
tinctive feature of LJD at any stage.
Fig 5. Top panel: a) a transverse H&E stained section of the lower jaw of a triploid Atlantic salmon (~60 g) affected by lower jaw deformity
(LJD). Image series was tiled and black background was added using Photoshop. White arrows indicate the main anatomical features. In the
top right corner the drawing illustrates the location and position of the sections obtained. Bottom panels: in-situ hybridization stained sections
of a LJD affected jaw (region magnified from the corresponding H&E staining image is outlined in yellow at the top panel). b) Bottom left panel
shows the negative control where gphb5 sense probe was used while in c) the bottom right the tissue was hybridizing with the gphb5 anti-
sense probe. In the latter, the signal is detectable (purple stain) in the oral epithelium, around the teeth and in the skin at the tip of the jaw.
doi:10.1371/journal.pone.0168454.g005
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In the present study, the effect of water temperature on the up-regulation of col2a1 in both
jaw traits may be explained by an enhanced sensitivity of chondrocytes to higher temperatures
(i.e. change in shape of chondrocytes) as shown for vertebral deformities in Atlantic salmon
exposed to high water temperature [38]. In light of the above, prolonged exposure to high
water temperature, in particular for Atlantic salmon above 14–15˚C, may lead to a possible
exacerbation of cartilage impairment and likely increased LJD severity in both originally nor-
mal and LJD affected fish, but with likely greater impact on the latter.
The consistent down-regulation of gphb5 in LJD affected fish in both independent sample
sets, as well as its localization through in-situ hybridization in this study, provides further
insight into the onset of the condition, pointing towards a possible hormonal involvement.
Gphb5 is an evolutionarily well conserved glycoprotein hormone described for the first time in
humans in 2002 [39]. Expression of gphb5 occurs in several species in the pituitary, implying a
role in hypothalamus-pituitary peripheral tissue (HPT) axis [39, 40]. Gphb5 is known to acti-
vate the thyroid-stimulating hormone (TSH) receptors in cells of thyroid and it was named
thyrostimulin due to its ability to stimulate thyrotropin receptors [40]. Nevertheless, the pri-
mary role of the hormone is still unknown [41]. Gphb5 seems to have a paracrine rather than
an endocrine function, implying that it can be expressed locally and induce changes in nearby
cells [40, 41]. In the present study, the expression of gphb5 in the skin cells is in accordance to
that found in humans [42]. Furthermore, it has been recently shown that gphb5 plays a para-
crine role in skeletal development and bone formation [41]. In light of the above, our results
may suggest that gphb5 is expressed in the skin of the lower jaw and induce changes in cartilage
or bone cells located at short distance. Furthermore, considering the aforementioned relation
gphb5-thyroid, gphb5 down-regulation and consequent lower expression in LJD-affected indi-
viduals may indicate an underactive thyroid. Underactive thyroid is generally linked with
impairments in chondrocyte differentiation and linear growth as well as bone formation and
mineralization [41]. Since, as suggested by our results, LJD could be the result of a cartilagi-
nous impairment with resulting deleterious effects on bone development, the findings
reported above support and reinforce our theory that gphb5 is likely involved in mechanisms
underlying LJD and, although not expressed specifically in cartilage or bone in the present
study (mostly in oral epithelium, teeth and skin), gphb5 may act through paracrine pathways.
The literature for this relatively novel gene is limited and further investigations are needed to
verify its role in skeletal development and HPT [40–42]. Nevertheless, we suggest that gphb5
could be at least an indicator of a wider process behind the LJD condition in Atlantic salmon.
In support of a possible hormonal involvement in the condition, LJD has been recently
linked to dietary phosphorus (P) deficiency during early stages of development in Atlantic
salmon and different dietary P physiological requirements of triploids compared to diploids
[8]. As bone in particular and the skeleton in general have a key role in endocrine regulation of
minerals and nutrients [43], the onset of LJD could be either the result of a pre-existing
impairment in the hormonal pathways of phosphate regulation, possibly involving gphb5 as a
thyrostimulin, or that different physiological P requirements, especially in triploids, and die-
tary P deficiency may trigger or facilitate LJD onset with the effect displayed in the differential
expression of particular genes involved in phosphate hormonal control, with a possible role for
gphb5 as a thyrostimulin. In the present study, fgf23was not differentially expressed between
traits in both/either sample sets. This suggests that while there was no differential expression
of this important P homeostasis regulator at the fish development stages considered, an
impairment in P homeostasis may have occurred earlier, or may occur later, in the progression
of LJD. Alternatively, the impairment in P homeostasis linked to LJD in Atlantic salmon may
occur through a different molecular pathway, not involving fgf23.
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The predominant occurrence of LJD in triploids suggests that LJD it is likely to be associ-
ated with a disruption in timing/localization/function of gene expression, causing a temporal
imbalance of the orchestrated function at the transcription or translation machinery required
during embryonal development in order to generate complex traits. Nevertheless, the physio-
logical differences resulting from triploidy (e.g. fewer and bigger cells and dietary P require-
ments) are likely interrelated in LJD occurrence [5, 8]. Triploid induction in Atlantic salmon
is performed by pressure shocking eggs 30 min after fertilisation, during meiosis II [5, 44]. The
shock suppresses cell division and prevents the extrusion of a polar body, resulting in cells hav-
ing three sets of chromosomes instead of two [45]. Slight variations to pressure shock timing
and temperature may confer developmental variability between individuals and an uneven tri-
ploidization per egg batch. This could result in either a lower triploidy induction rate [45] or
potentially lead to imbalanced pathways where localised high levels of reactive oxygen species
(ROS) occur and these then cause DNA breaks, as similar stresses (e.g. sonication) have been
known to induce DNA breaks (http://cshprotocols.cshlp.org/content/2006/4/pdb.prot4538.
short). Following the findings of the present study, col2a1 and gphb5 may be tested as early
markers during embryonic development, in particular when Meckel’s cartilage differentiation
takes place, to detect potential differential expression between triploids from the same batch
and as a consequence to identify possible candidates that will develop LJD in future. In a recent
publication, single-nucleotide polymorphism (SNP) in col2a1 has been associated with man-
dibular prognathism, a lower jaw skeletal anomaly in humans [46]. Similar investigation
should be undertaken for the role of col2a1 in LJD in Atlantic salmon.
In the present study, additional genes important for skeletal physiology had different regu-
lation patterns between independent sample sets (i.e. differential expression in one but not in
the other sample set). Considering that the two sample sets included fish at different develop-
mental stages, our results suggest that fish age and/or consequent progression of the condition
may influence the expression of some genes relative to others. For instance, up-regulation of
both gal and fbn2 in LJD was detected only in the experimental sample set (the earlier develop-
mental stage), which may be the result of a particular process occurring at that stage (due to
development or condition). The process could be remodelling of the LJD affected jaw as a con-
sequence of incorrect growth, likely driven by impaired Meckel’s cartilage development, or
containment of the compromised structural integrity. In fact, members of the family of both
galectins and fibrillins have been shown to be involved in cartilage and bone formation and
development [47–54]. In particular, members of the galectins have been linked to diseases
heavily affecting cartilage (i.e. rheumatoid arthritis and osteoarthritis) [55–57] and have a role
in osteoblast differentiation, bone remodelling and osteoclastogenesis [49, 56, 58]. On the
other hand, fibrillins play a crucial role in maintaining the integrity of connective tissues, cor-
rect formation and remodelling of extracellular matrix and bone structural development with
effects on morphology and mechanical properties [53, 59].
In the industrial sample set, the LJD fish showed down-regulation of genes important for
skeletal physiology, which may support the hypothesis of the progression of the LJD condition
proposed above. Our results support a scenario where cartilage impairment leads to bone
development impairment that becomes more evident at later stages. For instance, down-regu-
lation of igf1 in LJD may indicate impaired growth/development of cartilage and bone as well
as poor mineralisation. Igf1 is known to modulate skeletal development and in particular bone
growth, resorption and mineralisation controlling proliferation and differentiation of chon-
drocytes, osteoblasts, osteocytes and osteoclasts [60–62]. Furthermore, given the possible inter-
dependency of igf1 and parathyroid hormone (PTH) for skeletal development [60, 63, 64] it
remains unclear whether or not igf1down-regulation later in development and consistent
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down-regulation of gphb5 in LJD in the present study may be part of the same cascade of
impairment in bone hormonal control.
Bmp4 down-regulation in LJD supports our hypothesis concerning the influence of devel-
opmental stage and/or condition progression on gene expression proposed above. Bone mor-
phogenetic proteins (BMPs), which are multi-functional growth factors of the transforming
growth factor b (TGFb) superfamily, play a fundamental role for cartilage and bone develop-
ment and their normal functioning is required to avoid skeletal defects or malformations [65,
66]. In particular, bmp4 has been repeatedly associated with mandibular or maxillofacial devel-
opment and shaping in fish, birds and mammals [67–70], and has been linked before to oral
malformations in birds [68, 71] and mammals [72], supporting and highlighting the possible
significance of this gene in the LJD condition.
Finally, the remaining genes down-regulated in LJD-affected fish, alp, col1a1 and mmp13,
probably indicate that the bone is not growing/developing correctly as a consequence of carti-
laginous impairment. In fact, all of these are well-known and important skeletal structural
genes: col1a1 encodes type I collagen, the main component of bone. Alp and mmp13 are
responsible for bone formation and mineralisation and cartilage and bone resorption, respec-
tively [73–79]. In Atlantic salmon, all these genes have been already shown to be differential
expressed in poorly mineralised and deformed vertebrae relative to normal vertebrae [8, 80,
81]. The current study suggests their involvement in the development of a skeletal anomaly
affecting the lower jaw in Atlantic salmon.
In conclusion, although the causes of LJD are still unknown, we have made the first contri-
bution, to our knowledge, to the understanding of the molecular mechanisms underlying the
condition. We propose col2a1 and gphb5 as reliable candidates for detection of the condition
due to their consistent down-regulation in LJD in two independent sample sets from two
developmental stages. The down-regulation of col2a1 here may indicate that LJD in Atlantic
salmon is attributable to impaired development and structural defects of Meckel’s cartilage. In
addition, we suggest that down-regulation and localization of gphb5 infers a possible hormonal
involvement in LJD. Although further investigation of the role of this hormone in LJD is
needed, we have enhanced our understanding of a relatively novel hormone and showed for
the first time that gphb5 may be part of a mechanism behind a skeletal anomaly. Differential
expression of other genes important for skeletal physiology in either one or the other sample
set suggests that developmental stage or progression of the LJD condition could influence their
transcription. Further molecular investigation of the marker candidates proposed in the cur-
rent study is warranted. It is also recommended to carry out future annotation and analysis of
paralogues using as reference the Atlantic salmon genome which has been recently made pub-
licly available [82]. Finally, P homeostasis, skeletal hormonal control and mineralisation/struc-
tural characterisation of LJD in triploid Atlantic salmon require elucidation.
Materials and Methods
Sample background, selection and tissue source
Two independent sample sets of all-female triploid Atlantic salmon (Salmo salar) individuals
were used in this study and both were provided by Petuna Seafoods hatchery in Cressy, Tas-
mania. All-female individuals were produced and triploidy was achieved as previously
described [10, 44]. Briefly, shock to induce triploidy occurred 30 min after fertilisation when
all-female eggs were subjected to a pressure at 9500 psi (655 Bar) for 4 min in water at 10˚C,
followed by 1 min for pressure release. Efficiency of the triploid induction was assessed by
measuring erythrocyte nuclear length [83] and confirmed as 100% successful. The first sample
set (defined “experimental” from now on) was collected at the end of the experiment described
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in [9]. Briefly, the individuals from the experimental sample set were triploized at hatchery site
but reared from incubation up to the sampling event in experimental facilities. Individuals
weighing approximately 60 g were sampled in March 2014 following exposure to a standard
temperature treatment (14˚C) for two months (additional samples were also collected from
individuals exposed to an elevated temperature treatment of 18˚C for two months for addi-
tional molecular investigations). The second sample set (defined “industrial” from now on)
was reared at a hatchery site and collected in November 2015. Fish sampled weighed approxi-
mately 100 g and were subjected to different conditions compared to the experimental sample
set (i.e. incubation and rearing temperature) and were derived from different broodstock. For
each sample set, fish were euthanized by anaesthetic overdose (AQUI-S: 50 mg L-1) and the
lower jaws of fish displaying LJD (LJD n = 6 per sample set) (Fig 1A) and of fish displaying a
phenotypically normal jaw (Normal n = 6 per sample set) (Fig 1A) were dissected and placed
in RNA preservation reagent (4 M ammonium sulphate, 25 mM sodium citrate, 10 mM
EDTA; pH 5.2) to preserve RNA integrity. The samples were held at 4˚C overnight and stored
at– 20˚C for a maximum of two months before processing for molecular analysis. For histolog-
ical analysis, the lower jaws of individuals from the experimental sample set displaying LJD
(n = 3) and phenotypically normal jaw (n = 3) were dissected and placed in Bouin’s solution
overnight and then preserved in 70% ethanol for a maximum of four months before the analy-
sis. All procedures were carried out with the approval of the University of Tasmania Animal
Ethics Committee (approval number A0013044).
RNA extraction and preparation for next generation sequencing
The lower jaw samples from the sample sets described above were carefully dissected, remov-
ing excess tissues in order to leave dentary bone and a thin layer of the surrounding tissues.
Samples were then homogenized using a LabGEN 7 Series Homogenizer (Cole Parmer, Ver-
non Hills, IL, USA) in vials containing RNAzol1 RT (Molecular Research Centre Inc., Cin-
cinnati, OH, USA) for the isolation of total RNA, following manufacturer’s instructions. The
isolated RNA was tested for quality and quantity using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, NanoDrop Products, Wilmington, DE, USA). For next generation
sequencing, fish from the experimental sample set affected by LJD (n = 6) and phenotypically
normal (Normal) (n = 6) were used. Equal amounts of RNA from three individuals from the
same category were mixed to generate a total of four pooled samples representing two repli-
cates of LJD and two replicates of Normal. The Agilent 2100 bioanalyzer (Agilent Technolo-
gies, Palo Alto, CA, USA) was used to validate quantity and quality of RNA. All samples had
RIN (RNA Integrity Number) values higher than 7.
Next generation sequencing and data handling
Samples were prepared for sequencing by the Australian Genome Research Facility (AGRF,
Melbourne, Australia) according to the manufacturer’s instructions (Illumina, San Diego, CA,
USA). Briefly, poly (A) mRNA was isolated using oligo (dT) beads and the addition of frag-
mentation buffer for shearing mRNA into short fragments (200–700 nt) prevented priming
bias during the synthesis of cDNA using random hexamer-primers. The short fragments were
further purified using QIAquick PCR purification kit (Qiagen, Hilden, Germany) and resolved
with EB buffer for ligation with Illumina Paired-end adapters. This was followed by size
selection (~200 bp), PCR amplification and Illumina sequencing using an Illumina Genome
Analyzer (HighSeq 2000, Illumina, San Diego, CA, USA) performing 100 bp–paired end
sequencing. The sequence reads were stored as FASTQ files. Overall, at least 4 Gb of cleaned
data (at least 50 million reads) was generated for each of the four samples sequenced. Prior to
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assembly, quality of the FASTQ files was assessed using CLC Genomics Workbench v4 (CLC
bio, Aarhus, Denmark), using default parameters. Based on the QC reports, FASTQ files were
trimmed using CLC with default parameters with the addition of trimming 10 nucleotides
from the 5’ of all reads.
Bioinformatics and statistics
De novo assembly of the trimmed reads was performed in CLC Genomics Workbench v4
using default parameters with the exception of minimum contig length elevated to 500.
Trimmed reads were mapped to the assembly in CLC Genomics Workbench v4 using default
parameters with the exception of similarity fraction elevated to 0.9. BAM files (resulting in
77.05 ± 0.23% mapped reads per library) were then imported into Partek Genomics Suite (Par-
tek Incorporated, St. Louis, MO, USA) for differential gene expression (DGE) analysis. All
BAM files are available at https://dx.doi.org/10.6084/m9.figshare.4229555.v1. In Partek GS,
categorical attributes were assigned to each duplicate in the LJD and Normal, followed by
DGE analysis without restricting paired-end compatibility. One-way ANOVA was performed
in Partek GS to compare reads per kilobase per million (RPKMs) with contrast between the
LJD and Normal samples. The same one-way ANOVA procedure was performed following
restricting RPKM 1 in at least one sample and defining the minimum as RPKM = 0.05. The
final list of transcripts used in the analysis was retrieved by selecting transcripts having at least
a 2 fold change between the LJD and Normal samples with an unadjusted significance level of
P< 0.05.
The prediction of the amino-acid sequences corresponding to the transcripts was per-
formed using the ORF-PREDICTOR website (http://proteomics.ysu.edu/tools/OrfPredictor.
html). CLC main workbench 7.5 (CLC Inc, Aarhus, Denmark) at default parameters was used
to perform a BLASTP (sequence comparisons and alignment) against the database of the
National Center for Biotechnology Information (NCBI) and annotate and predict the most
likely corresponding product (best hit) in Atlantic salmon. After the BLASTP, only matches
with E-value 1.00E-40 were selected for the analysis. Discrimination of the best hit obtained
for each sequence was performed based on the E-value 1.00E-40. In case the first best hit
resulted in an unannotated product the second was chosen (named ‘actual hit’). In order to
ascertain that the expression of the differentially expressed genes was not basal, only the subset
of transcripts where the sum of RPKM in all four samples was 5, were considered.
cDNA synthesis, probe and primer design for qPCR
Parallel to the transcriptome analysis, we tested in Normal and LJD samples from the experi-
mental sample set a group of previously known transcripts whose function was annotated to
be related to bone and cartilage physiology in vertebrates. The transcripts selected were: alka-
line phosphatase (alp), bone morphogenetic protein 4 (bmp4), collagen type I alpha 1 (col1a1),
collagen type II alpha 1 (col2a1), fibroblast growth factor 23 (fgf23), insulin like growth factor 1
(igf1),matrix metallopeptidase 13 (mmp13) and osteocalcin (ocn) (Table 3). Among the tran-
scripts found to be differentially expressed after transcriptome analysis, the following were
selected according to the quantitative values of differential expression, concurrently with their
previously known or possible relation to bone and cartilage physiology: fibrillin 2 (fbn2), galac-
tose-specific lectin (gal) and glycoprotein hormone beta 5 (gphb5) (Table 4). All the eleven tran-
scripts reported above were later tested in Normal and LJD samples from the industrial sample
set to compare gene expression patterns between the independent sample sets. Furthermore,
some of the transcripts (alp, col1a1, col2a1, mmp13 and ocn) were also tested in Normal and
LJD samples from the additional sample set (elevated rearing temperature) in order to
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investigate the possible effect of the temperature on differential expression (14˚C vs 18˚C). 18S
served as a housekeeping calibrator gene in both assays. Following RNA extraction and quanti-
fication, 1 μg of total RNA was reverse-transcribed into cDNA using Tetro cDNA synthesis kit
(Bioline, London, UK), according to manufacturer’s instructions. Probes for qPCR were
designed by the Universal ProbeLibrary System (Roche, http://www.roche-applied-science.
com) and primers for transcripts previously annotated were purchased from GeneWorks Pty
Ltd (Hindmarsh, SA, Australia) while primers for transcripts selected after transcriptome anal-
ysis were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).
Real-time qPCR assays
Real-time qPCR assays were performed in duplicates using FastStart Universal Probe Master
(ROX) (Roche, Australia) according to manufacturer’s protocol in a Rotor-Gene 6000 Real-
Time PCR Machine (Corbett Robotics Pty Ltd, Brisbane, Australia) with the following thermal
cycling conditions: 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 60
sec. For each gene the control used was a duplicate no-template. Average cycle threshold for
each duplicate was calibrated relative to 18S and basal expression levels (which refers to the
lowest expressing tissue measured) and transformed to represent relative expression quantity
as 2-ΔΔCT. Nonparametric test for independent samples (Mann-Whitney U test) was used to
investigate significant differences between relative expression levels of each transcript between
traits (Normal and LJD) and different temperature treatments. All data analyses were
Table 3. Primers and probes used for real-time qPCR designed from previously known transcripts whose function was annotated to be related to
bone and cartilage physiology (abbreviations described in the text). * Sequence for fgf23 is available in S1 File.


















































Table 4. Primers and probes used for real-time qPCR from selected transcripts found differentially expressed after transcriptome analysis in the
experimental sample set (abbreviations described in the text). Sequences available in S1 File.
Transcript Orientation Tm Sequence (5’-3’) Probe cat.no.(Roche)
fbn2 Forward Reverse 59 60 cacgacagcgacacttgaaggctcacaactgtgacatgc 04687582001
gal Forward Reverse 59 59 ctttgaactgcagtgagaccactcatgactcccatgatgacc 04694449001
gphb5 Forward Reverse 60 59 Tgtagggagggtcaaggacagagggcttcacatcaccac 04685059001
doi:10.1371/journal.pone.0168454.t004
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performed using GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla,
CA, USA) with a significance level of P< 0.05. Results are represented as mean ± standard
error of the mean (SEM).
General Histology
The left halves of the lower jaws collected from the experimental sample set were used for all
histological analyses. Tissues were rinsed and decalcified for 72 h in a 10% EDTA solution
buffered with 0.1 M TRIS base, pH 7.0 as described in [84] and supplemented with Pro-
tectRNA™ RNase Inhibitor (Sigma-Aldrich, Castle Hill, NSW, Australia). After that, a protocol
modified from [85] was used. Briefly, tissues were dehydrated gradually through a series of
increasing alcohol concentrations and embedded in Paraplast1 Plus (McCormick Scientific
Leica™, North Ryde, NSW, Australia) according to conventional procedures. Serial sections of
7 μm were cut from the sagittal plane of the lower jaw, until reaching the area in which teeth,
bone and Meckel’s cartilage were visible, and placed onto Superfrost™ Ultra Plus Adhesion
Slides (Thermo Fisher Scientific, Scoresby, VIC, Australia). Duplicate and consecutive sections
were used for Hematoxylin and Eosin (H&E) staining and in-situ hybridization.
H&E staining
The slides were deparaffinized in xylene and rehydrated gradually through a series of decreas-
ing alcohol concentrations (100%, 90%, 70%, 50%). After rinsing in water the slides were
stained in hematoxylin for 4 min and rinsed again. Slides were placed for 30 sec in acidic alco-
hol (70% + 0.1% HCl), rinsed, stained in eosin for 3 min, rinsed again and gradually dehy-
drated through a series of increasing alcohol concentrations (50%, 70%, 90%, 100%), bathed in
xylene and finally mounted.
In-situ Hybridization
To design the primers for the in-situ hybridization probes, the sequences obtained from the
transcriptome analysis of gphb5 were blasted using Primer-BLAST (http://www.ncbi.nlm.nih.
gov/tools/primer-blast/) and primers (Sequence 5’-3’—Forward gtgtacatggggtccacgtt and
Reverse gagaagcctgtccttgaccc) purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).
Digoxigenin-labeled oligonucleotides for antisense and sense probes were synthesized using
T7 RNA polymerase, and the probes were hydrolysed to reduce their length to approximately
200 bases, as described in the Digoxigenin Application Manual (Roche Applied Science, India-
napolis, IN). Slides with samples from the lower jaw were deparaffinised, rehydrated, rinsed in
diethyl pyrocarbonate (DEPC)-treated water and then washed in PBS for 6 min. Samples were
digested with 5 μg ml-1 of proteinase K (Roche Diagnostics GmbH) in PBS with Tween 20
(PBST) for 10 min at 37˚C and incubated in PBST containing 2 mg ml-1 of glycine for 5 min at
room temperature. Samples were rinsed again two times in PBST and fixed in 4% paraformal-
dehyde in PBS (10 mM phosphate buffer Na2HPO4, 150 mM NaCl, pH 7.4) for 4 min and
again washed PBS containing 0.1% DEPC for 20 min and in PBS until pre-hybridization at
room temperature. Pre-hybridization was performed at 48˚C for 2 h in pre-hybridization
buffer (50% 20X formamide, 10% saline sodium citrate, 40% dextran sulfate, tRNA 10 mg/ml,
heparin 50 mg/ml and 10 mg ml-1 of sheared and denatured salmon sperm DNA). Hybridiza-
tion was performed at 48˚C overnight with 0.2 μg ml-1 of antisense and sense probes in hybrid-
ization buffer (identical to pre-hybridization buffer). Samples were washed three times for 5
min in 4X wash (50% formamide, 30% DEPC-treated water, 20% 20X SSC—0.15 M sodium
chloride and 0.015 M sodium citrate—50 μl of Tween 20), three times for 5 min in 2X wash
(50% formamide, 40% DEPC-treated water, 10% 20X SSC, 50 μl of Tween 20) and three times
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for 5 min in 1X wash (50% formamide, 45% DEPC-treated water, 5% 20X SSC, 50 μl of Tween
20) at 48˚C. Samples were washed again three times for 5 min in 1X SSC with 0.1% Tween 20
and two times for 2 min in maleic acid buffer (MAB) (0.1 M maleic acid, 0.015 M NaCl, 0.1%
Tween 20, pH 7.5) at room temperature. Blocking was performed at room temperature for 2 h
with MAB block (2% BM block in MAB) and finally samples were incubated with Anti-Digox-
igenin-AP (Roche, Australia) at 4˚C overnight. Following incubation, samples were washed
four times for 5 min with MAB, two times for 5 min with 1X alkaline phosphatase buffer (AP)
(50% 1 M Tris, 40% DEPC-treated water, 10% 5 M NaCl, 0.01% Tween 20) and two times for
5 min 1X AP with 5% MgCl2 at room temperature. Final incubation was performed at 4˚C
overnight with 20 μl ml-1 of NBT/BCIP (Roche, Australia) in developmental buffer (5% polyvi-
nyl alcohol in 1X AP with 5% MgCl2). Slides were dehydrated in alcohol 70%, 100% and
cleared with xylene before mounting with DPX (Sigma-Aldrich). Sections were observed
under a Nikon ECLIPSE E600 light microscope and photographed.cg
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S1 File. Sequences of selected transcripts. Sequences of fbn2, gal ad gphb5 which were
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(PDF)
Acknowledgments
This research was supported by the Commonwealth Government’s Collaborative Research
Network (CRN) Program funding and the Institute for Marine and Antarctic Studies (IMAS).
The authors would like to thank Petuna, Shaun Slevec and Ryan Wilkinson for their support.
Ylenia Pennacchi and Deborah Leonard are thanked for technical assistance during experi-
ments and samplings. Stephen Battaglene is thanked for his contribution to the development
of this research. GA was supported by a University of Tasmania and IMAS “Tasmania Gradu-
ate Research Scholarship” and JC was supported by a University of the Sunshine Coast CRN
Research Fellowship.
Author Contributions
Conceptualization: GA TV JMC MBA AE CGC.
Data curation: GA TV.
Formal analysis: GA TV.
Funding acquisition: TV JMC MBA AE CGC.
Investigation: GA TV.
Methodology: GA TV JMC MBA AE CGC.
Project administration: TV JMC MBA AE CGC.
Resources: TV JMC MBA AE CGC.
Software: GA TV.
Supervision: TV JMC MBA AE CGC.
Lower Jaw Deformity in Triploid Atlantic Salmon (Salmo salar L.)
PLOS ONE | DOI:10.1371/journal.pone.0168454 December 15, 2016 17 / 21
Validation: GA TV.
Visualization: GA TV.
Writing – original draft: GA.
Writing – review & editing: GA TV JMC MBA AE CGC.
References
1. Hughes D. Lower jaw deformity in farmed Tasmanian Atlantic salmon Salmo salar (Salmoniformes, Tel-
eostei). Final report. Barriers and Breakthroughs. Papers from 1992 SALTAS Research and Develop-
ment Seminar. SALTAS, Hobart, Tasmania, pp. 17–64. 1992.
2. Bruno DW. Jaw deformity associated with farmed Atlantic salmon (Salmo salar). Veterinary Record.
1990; 126(16): 402–3. PMID: 2368264
3. Taylor JF, Bozzolla P, Frenzl B, Matthew C, Hunter D, Migaud H. Triploid Atlantic salmon growth is neg-
atively affected by communal ploidy rearing during seawater grow-out in tanks. Aquaculture. 2014; 432:
163–74.
4. Fraser TWK, Hansen T, Skjæraasen JE, Mayer I, Sambraus F, Fjelldal PG. The effect of triploidy on the
culture performance, deformity prevalence, and heart morphology in Atlantic salmon. Aquaculture.
2013; 416–417(0): 255–64.
5. Benfey TJ. Use of sterile triploid Atlantic salmon (Salmo salar L.) for aquaculture in New Brunswick,
Canada. Ices Journal of Marine Science. 2001; 58(2): 525–9.
6. Lijalad M, Powell MD. Effects of lower jaw deformity on swimming performance and recovery from
exhaustive exercise in triploid and diploid Atlantic salmon Salmo salar L. Aquaculture. 2009; 290(1–2):
145–54.
7. Sadler J, Pankhurst PM, King HR. High prevalence of skeletal deformity and reduced gill surface area in
triploid Atlantic salmon (Salmo salar L.). Aquaculture. 2001; 198(3–4): 369–86.
8. Fjelldal PG, Hansen TJ, Lock EJ, Wargelius A, Fraser TWK, Sambraus F, et al. Increased dietary phos-
phorous prevents vertebral deformities in triploid Atlantic salmon (Salmo salar L.). Aquaculture Nutri-
tion. 2016; 22(1): 72–90.
9. Amoroso G, Adams MB, Ventura T, Carter CG, Cobcroft JM. Skeletal anomaly assessment in diploid
and triploid juvenile Atlantic salmon (Salmo salar L.) and the effect of temperature in freshwater. Journal
of Fish Diseases. 2016; 39(4): 449–66. doi: 10.1111/jfd.12438 PMID: 26763087
10. Jungalwalla P. Production of non-maturing Atlantic salmon in Tasmania. In: Pepper, V.A. (Ed)., Pro-
ceedings of the Atlantic Canada Workshop on Methods for the Production of Non-maturing Salmonids,
Feb. 19–21, Dartmouth, Nova Scotia. Dept. Fisheries and Oceans, St. Johns, Newfoundland,
Canada, pp. 47–71. 1991.
11. Amoroso G, Cobcroft JM, Adams MB, Ventura T, Carter CG. Concurrence of lower jaw skeletal anoma-
lies in triploid Atlantic salmon (Salmo salar L.) and the effect on growth in freshwater. Journal of Fish
Diseases. 2016; 39(12):1509–1521. doi: 10.1111/jfd.12492 PMID: 27144481
12. Boglione C, Gisbert E, Gavaia P, Witten PE, Moren M, Fontagne´ S, et al. Skeletal anomalies in reared
European fish larvae and juveniles. Part 2: main typologies, occurrences and causative factors.
Reviews in Aquaculture. 2013; 5: S121–S67.
13. Cobcroft JM, Battaglene SC. Skeletal malformations in Australian marine finfish hatcheries. Aquacul-
ture. 2013; 396: 51–8.
14. Fraser TWK, Hansen T, Fleming MS, Fjelldal PG. The prevalence of vertebral deformities is increased
with higher egg incubation temperatures and triploidy in Atlantic salmon Salmo salar L. Journal of Fish
Diseases. 2015; 38(1): 75–89. PMID: 25664364
15. Taylor JF, Sambraus F, Mota-Velasco J, Guy DR, Hamilton A, Hunter D, et al. Ploidy and family effects
on Atlantic salmon (Salmo salar) growth, deformity and harvest quality during a full commercial produc-
tion cycle. Aquaculture. 2013; 410–411(0): 41–50.
16. Gillis JA, Witten PE, Hall BK. Chondroid bone and secondary cartilage contribute to apical dentary
growth in juvenile Atlantic salmon. Journal of Fish Biology. 2006; 68(4): 1133–43.
17. Witten PE, Hall BK. Differentiation and growth of kype skeletal tissues in anadromous male Atlantic
Salmon (Salmo salar). International Journal of Developmental Biology. 2002; 46(5): 719–30. PMID:
12216984
18. Sadler J. Comparison of aspects of the physiology and morphology of diploid and triploid Atlantic
salmon Salmo Salar: PhD thesis University of Tasmania; 2000. http://eprints.utas.edu.au/21470/
Lower Jaw Deformity in Triploid Atlantic Salmon (Salmo salar L.)
PLOS ONE | DOI:10.1371/journal.pone.0168454 December 15, 2016 18 / 21
19. Erlebacher A, Filvaroff EH, Gitelman SE, Derynck R. Toward a molecular understanding of skeletal
development. Cell. 1995; 80(3): 371–8. PMID: 7859279
20. Cheah KS, Au PK, Lau ET, Little PF, Stubbs L. The mouse COL2A1 gene is highly conserved and
linked to int-1 on chromosome 15. Mammalian Genome. 1991; 1: 171–83. PMID: 1797232
21. Cheah KS, Stoker NG, Griffin JR, Grosveld FG, Solomon E. Identification and characterization of the
human type II collagen gene (COL2A1). Proceedings of the National Academy of SciencesUSA. 1985;
82(9): 2555–9. PMCID: PMC397602.
22. Karsenty G, Kronenberg HM, Settembre C. Genetic control of bone formation. Annual Review of Cell
and Developmental Biology. 2009; 25(1): 629–48.
23. Stockwell RA. Biology of cartilage cells. Cambridge: Cambridge University Press. 1979: 329 pp.
24. Upholt WB. In: Olsen BR, Ninmi ME, editors. Collagen, Vol V. Boca Raton FL: CRC Press. 1989: 31–
49.
25. Vikkula M, Metsaranta M, Ala-Kokko L. Type II collagen mutations in rare and common cartilage dis-
eases. Annals of Medicine. 1994; 26(2): 107–14. PMID: 8024727
26. Kuivaniemi H, Tromp G, Prockop DJ. Mutations in collagens type I, II, III, IX, X and XI cause a spectrum
of diseases of bone, cartilage and blood vessels. Hum Mutation. 1997; 9: 300–15.
27. Prockop DJ, Ala-Kokko L, Mclain DA, Williams C. Can mutated genes cause common osteoarthritis?
Rheumatology.1997; 36: 827–30.
28. Savontaus M, Rintala-Ja¨msa¨ M, Morko J, Ro¨nning O, Metsa¨ranta M, Vuorio E. Abnormal craniofacial
development and expression patterns of extracellular matrix components in transgenic Del1 mice har-
boring a deletion mutation in the type II collagen gene. Orthodontics & Craniofacial Research. 2004; 7
(4): 216–26.
29. Richards AJ, McNinch A, Martin H, Oakhill K, Rai H, Waller S, et al. Stickler syndrome and the vitreous
phenotype: mutations in COL2A1 and COL11A1. Human Mutation. 2010; 31(6): E1461–E71. doi: 10.
1002/humu.21257 PMID: 20513134
30. Murray L, Bautista J, James P, Rimoin D. Type II collagen defects in the chondrodysplasias. I. Spondy-
loepiphyseal dysplasias. Am J Hum Genet. 1989; 45: 5–15. PMCID: PMC1683381. PMID: 2741952
31. Tiller G, Rimoin D, Murray L, Cohn D. Tandem duplication within a type II collagen gene (COL2A1)
exon in an individual with spondyloepiphyseal dysplasia. Proceedings of the National Academy of Sci-
ences USA. 1990; 87: 3889–93.
32. Garofalo S, Vuorio E, Metsaranta M, Rosati R, Toman D, Vaughan J, et al. Reduced amounts of carti-
lage collagen fibrils and growth plate anomalies in transgenic mice harboring a glycine-to-cysteine
mutation in the mouse type II procollagen alpha 1-chain gene. Proceedings of the National Academy of
Sciences USA. 1991; 88(21): 9648–52.
33. Rani PU, Stringa E, Dharmavaram R, Chatterjee D, Tuan RS, Khillan JS. Restoration of normal bone
development by human homologue of collagen type II (COL2A1) gene in Col2a1 null mice. Develop-
mental Dynamics. 1999; 214(1): 26–33. doi: 10.1002/(SICI)1097-0177(199901)214:1<26::AID-
DVDY3>3.0.CO;2-V PMID: 9915573
34. Li S-W, Prockop DJ, Helminen H, Fassler R, Lapvetelainen T, Kiraly K, et al. Transgenic mice with tar-
geted inactivation of the Col2a1 gene for collagen II develop a skeleton with membranous and perios-
teal bone but no endochondral bone. Genes & Development. 1995; 9: 2821–30.
35. Donahue LR, Chang BO, Mohan S, Miyakoshi N, Wergedal JE, Baylink DJ, et al. A Missense mutation
in the mouse Col2a1 gene causes spondyloepiphyseal dysplasia congenita, hearing loss, and reti-
noschisis. Journal of Bone and Mineral Research. 2003; 18(9): 1612–21. doi: 10.1359/jbmr.2003.18.9.
1612 PMID: 12968670
36. Sahlman J, Pitka¨nen MT, Prockop DJ, Arita M, Li S-W, Helminen HJ, et al. A human COL2A1 gene with
an Arg519Cys mutation causes osteochondrodysplasia in transgenic mice. Arthritis & Rheumatism.
2004; 50(10): 3153–60.
37. Venegas F, Montiel E, Forno P, Rojas M. Histology of the jaw deformation in salmon of southern Chile.
International Journal of Morphology. 2003; 21: 211–9.
38. Ytteborg E, Baeverfjord G, Torgersen J, Hjelde K, Takle H. Molecular pathology of vertebral deformities
in hyperthermic Atlantic salmon (Salmo salar). BMC Physiology. 2010; 10(12).
39. Hsu SY, Nakabayashi K, Bhalla A. Evolution of glycoprotein hormone subunit genes in bilateral Meta-
zoa: identification of two novel human glycoprotein hormone subunit family genes, GPA2 and GPB5.
Molecular Endocrinology. 2002; 16(7): 1538–51. doi: 10.1210/mend.16.7.0871 PMID: 12089349
40. Nakabayashi K, Matsumi H, Bhalla A, Bae J, Mosselman S, Hsu SY, et al. Thyrostimulin, a heterodimer
of two new human glycoprotein hormone subunits, activates the thyroid-stimulating hormone receptor.
The Journal of Clinical Investigation. 2002; 109(11): 1445–52. doi: 10.1172/JCI14340 PMID: 12045258
Lower Jaw Deformity in Triploid Atlantic Salmon (Salmo salar L.)
PLOS ONE | DOI:10.1371/journal.pone.0168454 December 15, 2016 19 / 21
41. Bassett JHD, van der Spek A, Logan JG, Gogakos A, Bagchi-Chakraborty J, Murphy E, et al. Thyrosti-
mulin regulates osteoblastic bone formation during early skeletal development. Endocrinology. 2015;
156(9): 3098–113. doi: 10.1210/en.2014-1943 PMID: 26018249
42. Bodo´ E, Kany B, Ga´spa´r E, Knu¨ver J, Kromminga A, Ramot Y, et al. Thyroid-Stimulating Hormone, a
novel, locally produced modulator of human epidermal functions, is regulated by Thyrotropin-Releasing
Hormone and Thyroid Hormones. Endocrinology. 2010; 151(4): 1633–42. doi: 10.1210/en.2009-0306
PMID: 20176727
43. DiGirolamo DJ, Clemens TL, Kousteni S. The skeleton as an endocrine organ. Nature Reviews Rheu-
matology. 2012; 8(11): 674–83. doi: 10.1038/nrrheum.2012.157 PMID: 23045255
44. Johnstone R, McLay HA, Walsingham MV. Production and performance of triploid Atlantic salmon in
Scotland. In: Pepper, V.A. (Ed)., Proceedings of the Atlantic Canada Workshop on Methods for the Pro-
duction of Non-maturing Salmonids, Feb. 19–21, Dartmouth, Nova Scotia. Dept. Fisheries and Oceans,
St. Johns, Newfoundland, Canada, pp. 15–36. 1991.
45. Piferrer F, Beaumont A, Falguiere J-C, Flajshans M, Haffray P, Colombo L. Polyploid fish and shellfish:
Production, biology and applications to aquaculture for performance improvement and genetic contain-
ment. Aquaculture. 2009; 293(3–4): 125–56.
46. Xue F, Rabie ABM, Luo G. Analysis of the association of COL2A1 and IGF-1 with mandibular progna-
thism in a Chinese population. Orthodontics & Craniofacial Research. 2014; 17(3): 144–9.
47. Liu F-T, Rabinovich GA. Galectins as modulators of tumour progression. NatureReviewsCancer. 2005;
5(1): 29–41.
48. Barondes SH, Cooper DN, Gitt MA, Leffler H. Galectins. Structure and function of a large family of ani-
mal lectins. Journal of Biological Chemistry. 1994; 269(33): 20807–10. PMID: 8063692
49. Vinik Y, Shatz-Azoulay H, Vivanti A, Hever N, Levy Y, Karmona R, et al. The mammalian lectin galectin-
8 induces RANKL expression, osteoclastogenesis, and bone mass reduction in mice. eLife. 2015; 4:
e05914. doi: 10.7554/eLife.05914 PMID: 25955862
50. Stock M, Scha¨fer H, Stricker S, Gross G, Mundlos S, Otto F. Expression of Galectin-3 in skeletal tissues
is controlled by Runx2. Journal of Biological Chemistry. 2003; 278(19): 17360–7. doi: 10.1074/jbc.
M207631200 PMID: 12604608
51. Bhat R, Lerea K, Peng H, Kaltner H, Gabius H-J, Newman S. A regulatory network of two galectins
mediates the earliest steps of avian limb skeletal morphogenesis. Bmc Developmental Biology. 2011;
11(1): 6.
52. Robinson PN, Godfrey M. The molecular genetics of Marfan syndrome and related microfibrillopathies.
Journal of Medical Genetics. 2000; 37(1): 9–25. doi: 10.1136/jmg.37.1.9 PMID: 10633129
53. Ramirez F, Rifkin DB. Extracellular microfibrils; contextual platforms for TGFβ and BMP signaling. Cur-
rent opinion in cell biology. 2009; 21(5): 616–22. doi: 10.1016/j.ceb.2009.05.005 PMID: 19525102
54. Arteaga-Solis E, Sui-Arteaga L, Kim M, Schaffler MB, Jepsen KJ, Pleshko N, et al. Material and
mechanical properties of bones deficient for fibrillin-1 or fibrillin-2 microfibrils. Matrix biology. 2011; 30
(3): 188–94. doi: 10.1016/j.matbio.2011.03.004 PMID: 21440062
55. Gue´vremont M, Martel-Pelletier J, Boileau C, Liu FT, Richard M, Fernandes JC, et al. Galectin-3 surface
expression on human adult chondrocytes: a potential substrate for collagenase-3. Annals of the Rheu-
matic Diseases. 2004; 63(6): 636–43. doi: 10.1136/ard.2003.007229 PMID: 15140769
56. Li Y-J, Kukita A, Teramachi J, Nagata K, Wu Z, Akamine A, et al. A possible suppressive role of galec-
tin-3 in upregulated osteoclastogenesis accompanying adjuvant-induced arthritis in rats. Laboratory
Investigation. 2008; 89(1): 26–37. doi: 10.1038/labinvest.2008.111 PMID: 19015643
57. Ohshima S, Kuchen S, Seemayer CA, Kyburz D, Hirt A, Klinzing S, et al. Galectin 3 and its binding pro-
tein in rheumatoid arthritis. Arthritis & Rheumatism. 2003; 48(10): 2788–95.
58. Tanikawa R, Tanikawa T, Hirashima M, Yamauchi A, Tanaka Y. Galectin-9 induces osteoblast differen-
tiation through the CD44/Smad signaling pathway. Biochemical and Biophysical Research Communica-
tions. 2010; 394(2): 317–22. doi: 10.1016/j.bbrc.2010.02.175 PMID: 20206131
59. Arteaga-Solis E, Sui-Arteaga L, Kim M, Schaffler MB, Jepsen KJ, Pleshko N, et al. Material and
mechanical properties of bones deficient for fibrillin-1 or fibrillin-2 microfibrils. Matrix Biology. 2011; 30
(3): 188–94. doi: 10.1016/j.matbio.2011.03.004 PMID: 21440062
60. Guntur AR, Rosen CJ. IGF-1 regulation of key signaling pathways in bone. BoneKEy Reports. 2013; 2.
61. Le Roith D, Bondy C, Yakar S, Liu J-L, Butler A. The Somatomedin Hypothesis: 2001. Endocrine
Reviews. 2001; 22(1): 53–74. doi: 10.1210/edrv.22.1.0419 PMID: 11159816
62. Yakar S, Rosen CJ, Beamer WG, Ackert-Bicknell CL, Wu Y, Liu J-L, et al. Circulating levels of IGF-1
directly regulate bone growth and density. The Journal of Clinical Investigation. 2002; 110(6): 771–81.
doi: 10.1172/JCI15463 PMID: 12235108
Lower Jaw Deformity in Triploid Atlantic Salmon (Salmo salar L.)
PLOS ONE | DOI:10.1371/journal.pone.0168454 December 15, 2016 20 / 21
63. Daniel DB, Yongmei W. Insulin Like Growth Factor-I: A critical mediator of the skeletal response to
Parathyroid Hormone. Current Molecular Pharmacology. 2012; 5(2):135–42. PMID: 21787292
64. Tahimic CGT, Wang Y, Bikle DD. Anabolic effects of IGF-1 signaling on the skeleton. Frontiers in Endo-
crinology. 2013; 4: 6. doi: 10.3389/fendo.2013.00006 PMID: 23382729
65. Chen D, Zhao M, Mundy GR. Bone Morphogenetic Proteins. Growth Factors. 2004; 22(4): 233–41. doi:
10.1080/08977190412331279890 PMID: 15621726
66. Wang RN, Green J, Wang Z, Deng Y, Qiao M, Peabody M, et al. Bone Morphogenetic Protein (BMP)
signaling in development and human diseases. Genes & Diseases. 2014; 1(1): 87–105.
67. Liu W, Selever J, Murali D, Sun X, Brugger SM, Ma L, et al. Threshold-specific requirements for Bmp4
in mandibular development. Developmental Biology. 2005; 283(2): 282–93. doi: 10.1016/j.ydbio.2005.
04.019 PMID: 15936012
68. Hu D, Colnot C, Marcucio RS. The effect of BMP signaling on development of the jaw skeleton. Devel-
opmental dynamics: an official publication of the American Association of Anatomists. 2008; 237(12):
3727–37.
69. Abzhanov A, Protas M, Grant BR, Grant PR, Tabin CJ. Bmp4 and morphological variation of beaks in
Darwin’s finches. Science. 2004; 305(5689): 1462–5. doi: 10.1126/science.1098095 PMID: 15353802
70. Parsons KJ, Albertson RC. Roles for Bmp4 and CaM1 in Shaping the Jaw: Evo-Devo and Beyond.
Annual Review of Genetics. 2009; 43: 369–88. doi: 10.1146/annurev-genet-102808-114917 PMID:
19691427
71. Bai H, Zhu J, Sun Y, Liu R, Liu N, Li D, et al. Identification of genes related to beak deformity of chickens
using digital gene expression profiling. PLoS ONE. 2014; 9(9):e107050. doi: 10.1371/journal.pone.
0107050 PMID: 25198128
72. Suazo J, Tapia JC, Santos JL, Castro VG, Colombo A, Blanco R. Risk variants in BMP4 promoters for
nonsyndromic cleft lip/palate in a Chilean population. BMC Medical Genetics. 2011; 12(1): 1–9.
73. Inada M, Wang YM, Byrne MH, Rahman MU, Miyaura C, Lopez-Otin C, et al. Critical roles for collage-
nase-3 (Mmp13) in development of growth and in endochondral plate cartilage ossification. Proceed-
ings of the National Academy of Sciences USA. 2004; 101(49): 17192–7.
74. Pendas AM, Balbin M, Llano E, Jimenez MG, LopezOtin C. Analysis and promoter characterization of
the human collagenase-3 gene (MMP13). Genomics. 1997; 40(2): 222–33.
75. Tang SY, Herber RP, Ho SP, Alliston T. Matrix Metalloproteinase-13 is required for osteocytic perilacu-
nar remodeling and maintains bone fracture resistance. Journal of bone and mineral research: the offi-
cial journal of the American Society for Bone and Mineral Research. 2012; 27(9): 1936–50.
76. Golub EE, Boesze-Battaglia K. The role of alkaline phosphatase in mineralization. Current Opinion in
Orthopaedics. 2007; 18(5): 444–8.
77. Whyte MP. Hypophosphatasia and the role of alkaline phosphatase in skeletal mineralization. Endo-
crine Reviews. 1994; 15(4): 439–61. doi: 10.1210/edrv-15-4-439 PMID: 7988481
78. Karsenty G, Park R-W. Regulation of Type I Collagen genes expression. International Reviews of
Immunology. 1995; 12(2–4): 177–85. PMID: 7650420
79. Rossert J, Terraz C, Dupont S. Regulation of type I collagen genes expression. Nephrology Dialysis
Transplantation. 2000; 15(suppl 6): 66–8.
80. Fjelldal PG, Lock EJ, Hansen T, Waagbo R, Wargelius A, Martens LG, et al. Continuous light induces
bone resorption and affects vertebral morphology in Atlantic salmon (Salmo salar L.) fed a phosphorous
deficient diet. Aquaculture Nutrition. 2012; 18(6): 610–9.
81. Ytteborg E, Torgersen J, Baeverfjord G, Takle H. Morphological and molecular characterization of
developing vertebral fusions using a teleost model. BMC physiology. 2010; 10:13. doi: 10.1186/1472-
6793-10-13 PMID: 20604916
82. Lien S, Koop BF, Sandve SR, Miller JR, Kent MP, Nome T, et al. The Atlantic salmon genome provides
insights into rediploidization. Nature. 2016; 533(7602):200–5. doi: 10.1038/nature17164 PMID:
27088604
83. Benfey TJ, Sutterlin AM, Thompson RJ. Use of erythrocyte measurements to identify triploid Salmonids.
Canadian Journal of Fisheries and Aquatic Sciences. 1984; 41(6): 980–4.
84. Witten PE, Hall BK. Seasonal changes in the lower jaw skeleton in male Atlantic salmon (Salmo salar
L.): remodelling and regression of the kype after spawning. Journal of Anatomy. 2003; 203(5): 435–50.
doi: 10.1046/j.1469-7580.2003.00239.x PMID: 14635799
85. Ventura T, Manor R, Aflalo ED, Weil S, Khalaila I, Rosen O, et al. Expression of an androgenic gland-
specific insulin-like peptide during the course of prawn sexual and morphotypic differentiation. ISRN
Endocrinology. 2011; 2011: 476283. doi: 10.5402/2011/476283 PMID: 22363879
Lower Jaw Deformity in Triploid Atlantic Salmon (Salmo salar L.)
PLOS ONE | DOI:10.1371/journal.pone.0168454 December 15, 2016 21 / 21
